The involvement of cAMP-responsive element-binding protein (CREB) signaling in tissue injury-induced inflammation and hyperalgesia has been characterized by measuring phosphorylation of CREB at serine-133 (CREB Ser133) using a specific antibody. In the unstimulated state, unphosphorylated CREB was observed in most nuclei of spinal neurons except for motor neurons, where only a small portion of neurons were stained. A few dorsal root ganglion (DRG) neurons were also CREBpositive. After a unilateral injection of formalin into the hindpaw, a strong and bilateral phosphorylation of CREB Ser133 was induced, as assessed by both immunohistochemistry and Western blot. PhosphoCREB (pCREB)-positive neurons were found in laminae I, II, V, and X of spinal cord on both sides. CREB phosphorylation was very rapid and reached peak levels within 10 min of formalin treatment, whereas few pCREBpositive neurons were seen in unstimulated spinal cord. The induction of pCREB was predominantly postsynaptic, because only 5% of DRG neurons were labeled after inflammation. In contrast to CREB phosphorylation, the induction of c-Fos expression reached peak levels 2 hr after formalin treatment and c-Fos induction was mainly ipsilateral. Both formalin-evoked CREB phosphorylation and c-Fos expression in the spinal cord were suppressed by pretreatment with the NMDA receptor antagonist MK-801 (3.5 mg/kg, i.p.) or halothane anesthesia.
Injection of irritative chemicals, such as carrageenan, complete Freund's adjuvant, or formalin, into the hindpaw of the rat produces an intense inflammatory pain that comprises three components: a spontaneous pain related to the site of inflammation, an increased sensitivity to subsequent noxious stimuli (hyperalgesia), and the generation of pain by innocuous stimuli (allodynia). This activity-dependent plasticity is mediated by neurons located in the spinal cord and dorsal root ganglia (DRG) that use different types of neurotransmitters /neuromodulators such as substance P and glutamate (see Dubner and Ruda, 1992; Levine et al., 1993) . In particular, electrophysiological studies have demonstrated that NMDA receptors play a role in the induction and maintenance of hyperalgesia. (Davies and Lodge, 1987; Woolf and Thompson, 1991; Coderre and Melzack, 1992; Ma and Woolf, 1995) . Additionally, long-term potentiation produced by C-fiber stimulation in the rat spinal dorsal horn is prevented by NMDA receptor blockade (Randic et al., 1993; Liu and Sandkuhler, 1995) . Analyses of gene expression indicate that immediate-early genes such as c-fos (Hunt et al., 1987; Presley et al., 1990; Hylden et al., 1992; Ji et al., 1994a,b) and several late-response genes such as dynorphin (Ruda et al., 1988; Noguchi et al., 1991 , Dubner and Ruda, 1992 , Ji et al., 1994a , neuropeptide Y (NPY) (Ji et al., 1994a) , galanin (Ji et al., 1995a) , neurokinin-1 receptor (Schafer et al., 1993) , NPY (Y1) receptor (Ji et al., 1994a) , and the -opioid receptor (Ji et al., 1995b) are induced in spinal cord by peripheral inflammation. It has been proposed that the induction of c-fos plays an important role in mediating the neuronal response to peripheral inflammation because c-fos antisense oligonucleotides could inhibit the upregulation of dynorphin in spinal cord neurons both in vitro and in vivo (Lucas et al., 1993; Hunter et al., 1995) .
The cAMP response element-binding protein CREB is a transcription factor that has been implicated in the transcriptional regulation of many genes (Sheng et al., 1991) . CREB-binding sites have been found in the promoter regions of immediate-early genes such as c-fos (Sassone-Corsi et al., 1988; Ginty et al., 1992) and Zif /268 (Sakamoto et al., 1991) and genes encoding synapsin I (Sauerwald et al., 1990) , somatostatin (Gonzalez and Montminy, 1989) , dynorphin (Cole et al., 1995) , and enkephalin (Borsook et al., 1994) . It has been shown that the phosphorylation of CREB at serine-133 is required for CREB-mediated transcription (Gonzalez and Montminy, 1989; Sheng et al., 1991; Ginty et al., 1994) . For example, CREB phosphorylation mediates c-fos expression in response to agents that increase intracellular concentrations of cAMP or Ca 2ϩ (Sheng and Greenberg, 1990; Ginty et al., 1992) . Similarly, nerve growth factor appears to stimulate c-fos transcription via phosphorylation of CREB (Ginty et al., 1994) . Recently, it has been proposed that CREB-mediated signaling is necessary for the establishment of a late phase of long-term facilitation in Aplysia C. (Dash et al., 1990) or long-term potentiation in mammalian hippocampus (Bourtchuladze et al., 1994) .
We have used a specific antibody (Ginty et al., 1993) to measure phosphorylation of CREB Ser133 in neurons within the spinal cord and DRG after peripheral inflammation. Peripheral inflammation evoked a rapid and strong phosphorylation of CREB Ser133 in spinal cord, which was dependent on the activation of NMDA receptors. Furthermore, we showed a strong correlation between CREB phosphorylation and c-fos induction after inflammation.
MATERIALS AND METHODS
Animals. Adult male Sprague Dawley rats weighing 200 -230 gm were used. Animals were kept in cages (3-4 animals per cage) at an ambient temperature of 20 -25ЊC under a 12 hr light/dark cycle and had free access to food and water. Because CREB phosphorylation and c-fos expression are very sensitive to sensory stimuli, uncontrolled variables were minimized. We adhered to the ethical guidelines for investigation of experimental pain in conscious animals (Zimmermann, 1983) . One-hundred microliters of a 5% formalin solution (dissolved in saline) were injected into the plantar surface of the left hindpaw. In some cases, the NMDA receptor antagonist MK-801(RBI, Natick, MA) was administrated (3.5 mg/kg, i.p.) 20 min before formalin injection. Some animals were briefly anesthetized with halothane (2%) immediately before formalin injection.
Immunohistochemistry. CREB phosphorylation and c-fos expression were analyzed in animals 10 min, 30 min, or 2 hr after formalin injection. This analysis in the MK-801-and halothane-treated animals was performed 40 min after formalin injection. At this time point, both CREB phosphorylation and c-Fos induction are obvious, allowing the selection of adjacent spinal cord sections for pCREB and c-Fos staining. Formalininjected animals and control animals (4 -5 per group) were deeply anesthetized with sodium pentobarbital (80 mg/kg, i.p.) and transcardially perfused with 60 ml of warm saline, followed by 400 ml of 4% paraformaldehyde with 0.4% picric acid in 0.16 M phosphate buffer solution, pH 7.2. L4 -L5 segments of the spinal cord and L5 DRGs were removed, post-fixed in the same fixative for 3 hr, and placed in 15% sucrose solution at 4ЊC overnight. Spinal cords and DRGs from different animal groups were embedded in OCT compound (Miles, Elkhardt, IN) on the same blocks so as to allow identical conditions of further processing. Tissues were cut coronally in a cryostat at 20 m thickness and mounted onto gelatin-coated slides. Tissue sections were placed in a humid chamber and processed for immunohistochemistry according to the ABC method (Hsu et al., 1981) . Sections were incubated overnight at 4ЊC in the following primary antisera: CREB (1:2000), pCREB (1:1000), and c-Fos (1:1000). The sections were then incubated for 1 hr at 37ЊC with the biotinylated secondary antibody (1:200) and subsequently with the ABC complex (1:100; ABC Kit, Vector Laboratories, Burlingame, CA). The reaction product was visualized with 0.05% DAB/0.006% hydrogen peroxide in 0.1 M acetate buffer, pH 6, containing 2% ammonium nickel sulfate for 5 min and then rinsed in acetate buffer, air-dried, dehydrated, and coverslipped.
The anti-pCREB antiserum was obtained from a rabbit immunized with phosphopeptide corresponding to amino acids 123-136 of CREB (Ginty et al., 1993) . Anti-CREB polyclonal antiserum was prepared against a TrpE-CREB fusion protein (Ginty et al., 1993) . c-Fos polyclonal antiserum was purchased from Oncogene Science (Uniondale, NY). The specificity of these antisera, including preabsorption, has been tested extensively in previous studies (Ginty et al., 1993 (Ginty et al., , 1994 Ji et al., 1994b; Konradi et al., 1994; Dash et al., 1995; Gu et al., 1996) .
Quantification. Immunohistochemically stained tissue sections were examined under a light microscope at 20ϫ magnification. Neurons with distinct nuclear staining were counted in several subregions, such as superficial layers (laminae I-II), deeper layers (laminae III-VI), and lamina X of spinal cord. Six to ten sections from L4 -L5 spinal cord per animal were counted and averaged, and four to five animals were included in each group. All data were assessed using an ANOVA test followed by a Scheffe F-test. The criterion for statistical significance was p Ͻ 0.05.
Before quantification, immunostained DRG sections were lightly counterstained with toluidine blue; the total number of CREB-or pCREBimmunoreactive nuclei was divided by the total number of neuronal profiles in each DRG section, and the percentage of stained nuclei was calculated.
Western blot. Spinal cords (L4 -L5) were dissected from control animals and from animals 20 and 60 min after formalin injection, homogenized in boiling SDS sample buffer (100 mM Tris, pH 6.8, 2% SDS, 20% glycerol), boiled for 5 min, and placed on ice. The amount of protein in each sample was measured using a BCA assay (Pierce, Rockford, IL). 2-Mercaptoethanol and bromophenol blue were added to a final concentration of 10 and 0.1%, respectively. The extracts were separated using SDS-PAGE (10%) using 50 g of protein per lane and transferred onto nitrocellulose filters. Filters were blocked for 1 hr in 4% BSA and incubated in the primary antiserum (pCREB, 1:5000) for 3 hr at room temperature. After the incubation in the secondary antibody, reactive bands were visualized in ECL solutions (Amersham, Arlington Heights, IL) for 1 min and immediately exposed onto XAR films (Eastman Kodak, Rochester, NY) for 2-10 min.
RESULTS

Distribution of CREB and pCREB in rat spinal cord
The expression of CREB and pCREB in spinal cord neurons was analyzed after a single unilateral injection of formalin in the hindpaw. In control animals, except for motor neurons unphosphorylated CREB-immunoreactive neurons could be detected in all of the spinal cord laminae, in which nearly all neurons were CREB-positive. Only a small portion of motor neurons in the ventral horn were CREB-positive ( Fig. 1 ). As described previously (Ginty et al., 1993; Konradi et al., 1994; Dash et al., 1995) , CREB-immunoreactive staining was localized to nuclei. The distribution of CREB-immunoreactive neurons in spinal cord did not vary after formalin injection ( Fig. 1) .
In contrast to CREB expression, formalin injection induced a robust change in CREB phosphorylation in spinal cord neurons. CREB phosphorylation was detected using a specific antibody raised against the serine-133-phosphorylated form of CREB (pCREB) (Ginty et al., 1993) . pCREB immunoreactivity was restricted to nuclei (Fig. 2) . In unstimulated control rats, only a few pCREB-positive neurons could be detected (Figs. 3A, 8A; Table 1 ). Inflammation and phosphorylation of CREB Ser133 were both noticeable within 10 min after formalin injection. After formalin treatment, pCREB-positive nuclei were found in neurons of the superficial layers (laminae I-II; medial part) and laminae V of the dorsal horn (Figs. 2 A,B, 3B). Many labeled neurons were also detected in the region around the central canal (lamina X), especially the dorsal part of lamina X, and medial part of lamina VI (Fig. 3) . Some labeled neurons were seen in laminae I-II (lateral part) and laminae III, IV, and VII (Figs. 2, 3) . Surprisingly, inflammation induced CREB phosphorylation bilaterally; pCREB-positive neurons were observed in the corresponding laminae of the contralateral spinal cord (Figs. 2, 3) .
Formalin-induced phosphorylation of CREB Ser133 was maximal after 10 min, and it persisted at high level after 30 min. Two hours after injection, however, the number of pCREB-positive neurons declined nearly to background levels (Figs. 2, 3) . When a larger volume of formalin (Ͼ200 l) was injected into the left hindpaw, more labeled neurons were observed, especially in the lateral part of laminae I-II (data not shown).
This pattern of pCREB induction was confirmed by Western blot analyses. A pCREB-immunoreactive band with an M r of 43 kDa (Ginty et al., 1993; Konradi et al., 1994; Dash et al., 1995) could be detected at high levels in extracts obtained from both sides of spinal cord after inflammation, but only very weakly in control spinal cord. Whereas the levels of pCREB immunoreactivity at 20 min remained high, they were distinctively reduced at 60 min (Fig. 4) .
Because CREB phosphorylation may regulate transcription of c-fos (Sheng et al., 1991; Ginty et al., 1994) , and because inflammation results in an increase of c-Fos-positive neurons in the spinal cord (Hunt et al., 1987; Presley et al., 1990; Hylden et al., 1992; Ji et al., 1994b) , we compared formalin induction of c-Fos versus pCREB. Interestingly, although the pattern of c-Fos expression resembled that of pCREB, the kinetics of induction differed; c-Fos expression was detectable in spinal cord neurons as early as 30 min after formalin injection and peaked at ϳ2 hr. c-Fos-positive neurons were mainly localized in laminae I-II (medial part) and laminae III-VI, as well as lamina X (Fig. 5) . However, in contrast to the bilateral induction of pCREB, c-Fos expression was ipsilateral. Only a few labeled neurons were found in the contralateral side. Additionally, the total number of c-Fospositive neurons in the spinal cord was much lower than that of CREB-positive neurons (Figs. 2, 3, 5) . In spinal cord of untreated animals, only a few c-Fos-labeled neurons were observed.
In conclusion, peripheral inflammation induced a rapid phosphorylation of CREB in distinct populations of spinal cord neurons. The same stimulus also induced an increased expression of c-Fos in these neurons. However, CREB phosphorylation was induced both ipsilaterally and contralaterally, and c-Fos induction was ipsilaterally restricted.
CREB phosphorylation in DRG neurons
The robust induction of CREB phosphorylation in spinal cord neurons after peripheral inflammation could originate from a stimulation of presynaptic neurons located in the DRG. For this reason, we examined CREB phosphorylation in the presynaptic neurons (primary sensory neurons located in DRG). In normal control L5 DRG, 9.1% (193/2121) of neurons contained CREBpositive nuclei (Fig. 6 A) and no pCREB-positive nuclei were detected (Fig. 6 B) . Ten minutes after formalin application, 5.0% (77/1542) and 4.1% (67/1648) of pCREB-positive neurons were found in the ipsilateral and contralateral DRG, respectively (Fig.  6C,D) . Interestingly, pCREB was localized in small DRG neurons (Fig. 6C,D) , which mediate pain transmission. No obvious pCREB labeling was seen in DRG 30 min or 2 hr after inflammation (data not shown). No staining for c-Fos-positive nuclei was detected in the normal control DRG and ipsilateral or contralateral DRG of inflamed rats (data not shown). In summary, inflammation induced CREB phosphorylation in a small portion of DRG neurons. This induction was not followed by an increased expression of c-Fos.
Effects of MK-801 and halothane on CREB phosphorylation and c-Fos expression
Hindpaw formalin injection induced a rapid phosphorylation of CREB in spinal cord neurons. To determine whether NMDA receptor-mediated synaptic transmission is involved in this response, we have studied CREB phosphorylation in animals that have been pretreated with the NMDA receptor antagonist MK-801. Additionally, we have studied the effect of a brief exposure to the general anesthetic halothane on the inflammation-induced phosphorylation of CREB (see Materials and Methods for details). Formalin-induced CREB phosphorylation was significantly suppressed by MK-801 and halothane. MK-801 and halothane pretreatments produced a 45.6% ( p Ͻ 0.001) and 61.2% ( p Ͻ 0.001) decrease, respectively, in the number of pCREB-positive neurons in ipsilateral laminae I-II of the dorsal horn 40 min after formalin challenge (Figs. 7 A, C,E, 8A; Table 1 ).
c-Fos-positive neurons were observed mainly in the ipsilateral superficial layers of the dorsal horn 40 min after inflammation. However, MK-801 and halothane pretreatment induced a 57.3% ( p Ͻ 0.001) and 74.4% ( p Ͻ 0.001) reduction in the number of c-Fos-positive neurons in this subregion (Figs. 7 B, D, F, 8B) . A corresponding suppression of pCREB was also found in the following subregions of the spinal cord: contralateral laminae I-II, ipsilateral and contralateral laminae III-VI, and lamina X, as shown in Table 1 . In summary, pretreatments of MK-801 and halothane drastically reduced the induction of pCREB and c-Fos by inflammation.
DISCUSSION
The presented results demonstrate that formalin injection into the hindpaw of an adult rat induces, within minutes, the phosphorylation of CREB at the transcriptional regulatory site serine-133 in spinal cord neurons. Our results show that CREB Ser133 phosphorylation is induced predominantly in postsynaptic neurons.
Interestingly, unilateral peripheral inflammation induces this phosphorylation event bilaterally in spinal cord neurons. The phosphorylation of CREB in spinal cord neurons, and subsequent induction of c-Fos, can be suppressed by pretreatment with the NMDA antagonist MK-801 or the general anesthetic halothane.
CREB phosphorylation in spinal cord
A majority of neurons containing pCREB-positive nuclei in the spinal cord after formalin stimulation were observed in laminae I-II and V-VI. These are spinal cord regions in which a majority of noxious primary afferents terminate and in which the cell bodies of dorsal horn nociceptive neurons are localized (Sugiura et al., 1986; Besson and Chaouch, 1987) . The specificity of this response was also supported by the overlapping, but distinct, pattern of pCREB-positive neurons observed in spinal cord after limited and severe paw inflammation. Whereas a 100 l formalin challenge affected mainly neurons located in the medial part of the superficial dorsal horn, indicating precise topographic projections, larger volumes of formalin (Ͼ200 l) also induced CREB phosphorylation in neurons located in the lateral part of laminae I-II, suggesting a possible spread of inflammation from the distal part to the proximal part of the hindlimb.
Interestingly, a large number of pCREB-positive neurons were also found in the dorsal part of central canal (lamina X), where dorsal commissures interconnect the two sides of the dorsal horn. Lamina X neurons receive afferent inputs similar to that of laminae I-II (Brown, 1981) . This region has been implicated in pain regulation. For example, several neuropeptides thought to mediate nociception, such as enkephalin and substance P, are found in relatively high concentration in the central canal (Gibson et al., 1981) . Central branches of primary afferents conducting nociception terminate to this area (Light and Perl, 1979) . Neurons found in this region are reminiscent of the noxious-specific cells in the outer-most layers of the dorsal horn (Nahin et al., 1983) .
Furthermore, pCREB was observed in a few small DRG neurons after inflammation, which are involved in mediating pain transmission. Taken together, these results indicate that formalininduced CREB phosphorylation is predominantly confined to neurons involved in pain response.
The bilateral induction of CREB phosphorylation in the spinal cord neurons after peripheral inflammation is surprising, particularly because it appears to occur concomitantly in the contralateral and ipsilateral sides. This is in contrast to the induction of c-Fos expression, which was ipsilateral, in agreement with previously reported results (Presely et al., 1990; Ji et al., 1994a,b; Hunter et al., 1995) . The mechanisms underlying the contralateral effect remain to be evaluated, and both peripheral and central mechanisms might be involved (Woolf, 1983 ). An interesting possibility is that signal strength may differentially affect gene expression versus protein phosphorylation. This hypothesis would predict, for instance, that the threshold of stimulation required for initiation of gene expression is higher than induction of posttranslational modifications such as phosphorylation. Ipsilateral spinal cord neurons receive monosynaptic inputs from peripheral sensory neurons, whereas contralateral neurons receive multisynaptic inputs from the ipsilateral site either through interneurons or via descending spinal tracts. It is conceivable, therefore, that a unilateral peripheral stimulation may produce a different response in ipsilateral versus contralateral neurons attributable, for example, to the activation of inhibitory interneurons. It follows that a peripheral stimulation may have sufficient strength to elicit post-translational modifications (phosphorylation) contralaterally, but would only be able to induce gene expression ipsilaterally. Some observations seem to support this hypothesis. For example, a rapid release of nerve growth factor in contralateral hindpaw and a bilateral increase in NADPH-diaphorase have been reported after unilateral inflammation (Solodkin et al., 1992; Woolf et al., 1996) , whereas induction of dynorphin, enkephalin, NPY and NPY receptor (Y1), and galanin mRNAs after tissue injury is predominantly ipsilateral (Ruda et al., 1988; Dubner and Ruda, 1992; Ji et al., 1994a Ji et al., , 1995a . However, when a very strong, long-lasting inflammation is induced by injecting complete Freund's adjuvant unilaterally into the ankle joint, a contralateral increase in neuropeptide synthesis has been described (Donaldson et al., 1995) . Our results could be explained, therefore, as follows: a unilateral formalin injection would be sufficiently strong to induce bilateral stimulation of CREB phosphorylation, but only strong enough to produce an ipsilateral induction of c-Fos expression.
NMDA activation of CREB phosphorylation
An important result of our study is that the NMDA receptor antagonist MK-801 markedly suppressed formalin-evoked CREB phosphorylation in several spinal cord subregions. These data are in agreement with previously reported studies demonstrating the role of NMDA receptors for CREB phosphorylation in vitro (Ginty et al., 1993; Deisseroth et al., 1996) . Expression of glutamate receptors of the NMDA and non-NMDA types has been demonstrated in spinal cord. Results of in situ hybridization analyses using probes specific for various NMDA and non-NMDA receptor subunits indicate differential expression of these subunits in spinal cord (Furuyama et al., 1993; Tolle et al., 1993; Watanabe et al., 1994) . Additionally, different splice variants of the NMDA receptor subunit NR1 are also found differentially distributed in the dorsal versus ventral horns (Tolle et al., 1995) . Immunohistochemical analyses detected high levels of a particular type of NMDA receptor subunit (NR1) in spinal cord (dorsal and ventral horns) and DRG. Interestingly, NMDR1 subunits have been localized both pre-and postsynaptically in neurons localized in the superficial dorsal horn. A majority of these presynaptic terminals contain glutamate, suggesting that receptors containing the NR1 subunit may also function as autoreceptors (Liu et al., 1994) .
These results are significant, because functional studies indicate that long-term plastic changes occurring in the spinal cord after peripheral tissue injury are mediated, in part, by NMDA receptors. For example, it has been demonstrated that both the induction and the maintenance of central sensitization produced by repetitive noxious stimulation are dependent on NMDA receptor activation (Woolf and Thompson, 1991; Coderre and Melzack, 1992; Ma and Woolf, 1995) . Long-term potentiation in spinal cord produced by supramaximal electrical stimulation of C-fibers is also prevented by the NMDA receptor antagonist (Randic et al., 1993; Liu and Sandkuhler, 1995) . Our results show, however, that MK-801 reduces the induction of CREB phosphorylation in spinal cord neurons after inflammation by ϳ50%. This is consistent with the observation that NMDA antagonists alone only partially block C-fiber excitation produced by capsaicin (Nagy et al., 1993) . Moreover, neurokinin also plays an important role in spinal hyperactivity. In fact, a combination of NMDA and neurokinin receptor antagonists produced an almost complete abolition of the capsaicin-evoked depolarization (Nagy et al., 1993) . In summary, our results suggest that the induction of CREB phosphorylation in spinal cord neurons may be a component of the cellular response to inflammation that results from the activation of NMDA receptors.
Functional implication of CREB phosphorylation
Our results revealed a similar distribution of pCREB-and c-Fospositive neurons in different laminae of the spinal cord after peripheral inflammation. The induction of CREB phosphorylation precedes that of c-Fos. Importantly, inhibition of CREB phosphorylation by MK-801 or halothane in spinal cord also prevents the subsequent expression of c-Fos. These data suggest a role for CREB phosphorylation in the induction of c-fos expression in a spinal model of hyperalgesia. Several observations implicating CREB phosphorylation as a component for the activation of c-fos expression support this hypothesis. For example, in vitro studies using PC12 cells show that CREB phosphorylation is crucial for the nerve growth factor-mediated induction of c-fos transcription (Ginty et al., 1994) . Also, injection of CREB anti- 20.1 Ϯ 1.9*** (55%) Ipsi III-IV 6.5 Ϯ 1.8*** 30.2 Ϯ 3.9 16.1 Ϯ 2.1** (47%) 15.7 Ϯ 2.1** (48%) Contra III-VI 6.5 Ϯ 1.8*** 26.5 Ϯ 2.8 13.9 Ϯ 2.0** (48%) 15.1 Ϯ 2.0** (43%) Lamina X 7.9 Ϯ 0.9*** 28.5 Ϯ 2.9 13.5 Ϯ 2.7*** (53%) 18.0 Ϯ 1.8** (37%)
Results are presented as the mean Ϯ SEM from 4 -5 rats. For each rat, counts from 6 -8 sections (20 m) were averaged. The numbers in the parentheses indicate the percentage of inhibition as compared to the formalin group. **p Ͻ 0.01, ***p Ͻ 0.001 compared to the formalin group; ANOVA followed by Scheffe F-test. CREB phosphorylation is low in the unstimulated control spinal cord. Formalin-induced pCREB is significantly inhibitied by MK-801 and halothane in all of the spinal subregions examined. sense oligonucleotides in the striatum inhibits c-fos expression induced by amphetamine . Finally, dominant-negative CREB transgenic mice showed that c-fos expression was markedly reduced in activated lymphocytes (Barton et al., 1996) . Thus, formalin induction of phosphorylation of CREB Ser133 likely contributes to transcriptional activation of c-fos in spinal neurons. Two observations seem to suggest, however, that CREB phosphorylation may be necessary but not sufficient for c-fos expression in spinal cord neurons after peripheral inflammation. First, formalin injection induces CREB phosphorylation bilaterally but c-Fos expression ipsilaterally. Second, the number of pCREB-positive nuclei induced in the same spinal cord regions is greater than the number of c-Fos-positive neurons. These results are in agreement with previous in vitro observations indicating that CREB phosphorylation is necessary but not sufficient for immediate-early gene activation (Bonni et al., 1995) . Finally, CREB-binding sites have been found in several genes involved in pain (Konradi et al., 1993; Borsook et al., 1994; Cole et al., 1995) . It will be interesting to determine whether other hyperalgesia-induced genes are also regulated by CREB phosphorylation.
Concluding remarks
Unilateral injection of formalin into the hindpaw induced a rapid and bilateral phosphorylation of CREB mainly in laminae I, II, V, and X of the spinal cord, with a postsynaptic predominance. This response is in sharp contrast to the ipsilateral induction of c-Fos. The inflammation-evoked CREB phosphorylation and c-Fos expression were markedly suppressed by pretreatment with MK-801 or halothane. We suggest, therefore, that formalin-induced inflammation results in the activation of CREB signaling in spinal cord nociceptive neurons through an NMDA receptor-mediated mechanism and that this signal is an early event in the triggering of sustained hyperalgesia. CREB phosphorylation seems to be crucial for the induction of c-fos, and possibly some later response genes, in response to peripheral hyperalgesia. Moreover, CREB phosphorylation may represent a better marker than c-fos expres- sion for neuronal activity after noxious stimulation because its induction is more rapid and more sensitive. 
